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Abstract
This paper presents three-dimensional direct numerical simulations of lean premixed hydrogen flames at an equiv-
alence ratio of ϕ = 0.4 over a range of turbulence levels from Ka = 1 to 36. The simulations form part of a larger
effort to construct a DNS database that can be used by the community for model construction and validation. We
have focussed on producing well-resolved simulations at conditions representative of atmospheric laboratory-scale
flames. After an overview of phenomenological trends with increasing Karlovitz number, we examine the factors
that lead to an observed decorrelation between fuel consumption and heat release in the flame at Ka = 36. We
show that in this flame the fuel consumption is greatly enhanced in regions of positive curvature. We also show
that the radical pool is enriched throughout the entire flame as Ka is increased. In particular, we identify three
reactions that, driven by high molar concentrations of radicals at low temperatures, are responsible for high levels
of heat release away from regions of fuel consumption, thereby accounting for the observed decorrelation between
fuel consumption and heat release.
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1. Introduction
There has been considerable recent interest in hy-
drogen or hydrogen-rich mixtures obtained from gasi-
fication of coal or biomass. These types of fuels
provide clean alternatives to traditional petroleum
and natural gas fuels. Burning under lean condi-
tions reduces the exhaust gas temperatures, and con-
sequently, thermal NOx emissions.
At low-to-moderate levels of turbulence, the ther-
modiffusive instability leads to flames that burn in
well-known cellular structures, which results in lo-
calised hot spots where the flame is burning more in-
tensely due to local enrichment of fuel by diffusion
[1–6]. At high turbulence levels, hydrogen flames
transition to the distributed burning regime where the
thermodiffusive instability is dominated by turbulent
mixing [7, 8].
In the present paper, we present simulations of lean
premixed hydrogen over a range of low-to-moderate
turbulence levels. The simulations form part of a
larger effort to construct a DNS database that can be
used by the community for model construction and
validation. We have focussed on producing well-
resolved simulations with conditions that are rep-
resentative of atmospheric laboratory-scale flames,
rather than the more highly turbulent conditions of
distributed flames.
We consider lean premixed hydrogen flames at an
equivalence ratio ϕ = 0.4. The characterisation of
the turbulence in terms of the flame structure is given
by the Karlovitz and Damko¨hler numbers. In Aspden
et al. [9], we note that a freely-propagating lean hy-
drogen flame is distinctly different from the idealised
flat laminar flame because of the thermodiffusive in-
stability. We showed that a flame speed and thickness
defined from a freely-propagating flame provide a
better normalisation of flame behaviour than the lam-
inar values. Thus, following [9] we work with freely-
propagating Karlovitz and Damko¨hler numbers, de-
fined as
Ka2 =
uˇ3
s3F
lF
l
and Da =
sF
uˇ
l
lF
, (1)
respectively, where uˇ and l are the turbulent rms ve-
locity and integral length scale, respectively, and sF
and lF are the freely-propagating flame speed and
width, respectively.
For the present simulations, we consider an ide-
alised configuration with a fixed domain width and
integral length scale. Turbulence in the fluid is
driven via a time-dependent zero-mean volumetric
fluid forcing term [8, 10]. The resulting turbulence
intensity is controlled by adjusting the amplitude of
the forcing.
We briefly sketch the computational methodology
and describe the present study in section 2. In sec-
tion 3 we present the results of the simulations, start-
ing with an overview of the observations and trends
with Karlovitz number in section 3.1, and the iden-
tification of an interesting decorrelation between fuel
consumption and heat release, which is explored fur-
ther in section 3.2. We then examine the individual
reactions that contribute to this decorrelation in sec-
tion 3.3, and conclude with an interpretation of the
results in section 4.
2. Computational Methodology
The simulations presented here are based on a low
Mach number formulation of the reacting flow equa-
tions. The methodology treats the fluid as a mixture
of perfect gases. We use a mixture-averaged model
for differential species diffusion and ignore Soret, Du-
four, gravity and radiative transport processes. With
these assumptions, the low Mach number equations
for an open domain are
∂(ρu)
∂t
+∇ · (ρuu) = −∇pi +∇ · τ + ρF ,
∂(ρYi)
∂t
+∇ · (ρYiu) = ∇ · (ρDi∇Yi)− ω˙i,
∂(ρh)
∂t
+∇ · (ρhu) = ∇ ·
(
λ
cp
∇h
)
+
∑
i
∇ ·
[
hi
(
ρDi − λ
cp
)
∇Yi
]
,
where ρ is the density, u is the velocity, pi is the per-
turbational pressure, Yi is the mass fraction of species
i, h is the mass-weighted enthalpy of the gas mixture,
T is the temperature, and ω˙i is the net destruction
rate for species i due to chemical reactions. Also,
λ is the thermal conductivity, τ is the stress tensor,
cp is the specific heat of the mixture, and hi(T ) and
Di are the enthalpy and mixture-averaged diffusion
coefficients of species i, respectively. Here F is a
long-wavelength forcing term designed to establish
and maintain turbulence with the desired properties.
These evolution equations are supplemented by an
equation of state for a perfect gas mixture. The reader
is referred to [11] for details of the low Mach number
model and its numerical implementation. The chem-
ical kinetics and transport are modelled using the Li
et al. hydrogen mechanism [12], which consists of 9
species with 19 fundamental reactions.
The overall numerical scheme converges with
second-order accuracy in both space and time. The
performance of the scheme for direct numerical sim-
ulation of premixed flame systems in regimes com-
parable to the present study was examined in [10].
An effective Kolmogorov length scale was formu-
lated, which measures the actual Kolmogorov length
scale realised in a simulation at a given resolution.
Here, the most computationally demanding simula-
tion, having the highest turbulence levels, has a com-
putational cell width that is approximately 0.75 times
the Kolmogorov length scale. At this resolution, the
numerical scheme produces an effective Kolmogorov
length scale that is just 3% larger than the analyti-
cal value; the other simulations are better resolved.
Also, the grid spacing for all cases considered is such
Case A B C D
uˇ [m/s] 0.75 1.9 3.9 8.2
uˇ/sF 1.6 4.0 8.3 17
KaF 1.0 4.0 12 36
DaF 2.5 1.0 0.48 0.23
Table 1: Turbulence properties for the four simulations.
that 25 cells span the thermal thickness of a freely-
propagating flame corresponding to this fuel-air mix-
ture; note that there are over 40 cells across the un-
strained flat laminar flame. Thus, the flame and the
turbulence are numerically well-resolved in all four
of the cases we considered here.
2.1. Simulation Configuration
We simulated four downward-propagating flames
in a high aspect ratio domain (8:1), with periodic lat-
eral boundary conditions, a free-slip base and out-
flow at the top. The momentum source term that
maintains the background turbulence results in a time-
dependent zero-mean velocity field. It was shown in
[10] that this approach gives approximately 10 in-
tegral length scales across the domain width. The
equivalence ratio in all four cases was set to ϕ =
0.4. For this mixture, the freely-propagating flame
speed sF ≈ 47 cm/s and thermal thickness lF ≈
410 microns, [9]. By contrast, a flat unstrained flame
at this mixture propagates with speed sL ≈ 22 cm/s
and thermal thickness lL ≈ 680 microns. The domain
width, L, was chosen to ensure that approximately 25
computational cells span lF and 1024 cells span the
domain. Thus,L = 1.64 cm, giving an integral length
scale, l ≈ 1.64 mm. For these conditions, the integral
scale is then four times lF for all four cases. An inert
calculation was run to establish the turbulence at re-
duced expense, and the reacting flow simulation was
initialised by superimposing a laminar flame solution
onto the turbulent velocity field. The base grid in each
of the four cases was 256×256×2048. Two levels of
grid refinement were added once the flame had be-
come established, resulting in an effective resolution
of 1024×1024×8096. Details of the four cases are
summarised in table 1.
3. Results
We first present an overview of the general be-
haviour and observations of the flames and trends
with Karlovitz number. In particular, we note a decor-
relation between the fuel consumption rate and the
heat release. We explore the conditions leading to this
decorrelation, and follow with a closer examination of
a number of specific chemical reactions that we can
attribute as the root cause.
3.1. Overview
In figure 1, we present representative slices of tem-
perature, fuel consumption rate and heat release for
Fig. 1: Representative slices of temperature, fuel consump-
tion rate and heat release for all four simulations. As the tur-
bulence is increased, the large-scale cellular burning struc-
tures become disrupted, leading to a broader distribution
of small-scale structures, which burn more intensely. Note
how, at high Ka, there is a decorrelation between fuel con-
sumption and heat release that is not observed at low Ka.
The decorrelation is highlighted in the detail panels (bottom
row), which correspond to the 0.26cm square highlighted in
magenta.
the four cases (note that the range for the respective
fields is the same for each Karlovitz number). In the
low Ka case, the thermodiffusive instability leads to
the usual cellular burning pattern, with stronger burn-
ing in regions of positive curvature (i.e. centre of cur-
vature in the products), and large regions of fluid that
are above the adiabatic flame temperature (dark red).
As expected, we see an increase in flame complexity
with increasing Ka; individual structures are smaller
and appear to have a thinner flame (especially fuel
consumption), but the total volume of reacting fluid
is much greater. The peak fuel consumption rate and
heat release increase with Ka, and the local extinc-
tion events (breaks in the flame surface) observed at
low Ka are less pronounced at high Ka; turbulence
mitigates the tendency for the thermodiffusive insta-
bility to extinguish the flame in regions of negative
curvature.
3.2. Decorrelation of fuel consumption and heat
release
A striking observation from figure 1 is that there
appears to be a decorrelation of fuel consumption and
heat release as the Karlovitz number increases. At
Ka = 1 and 4, the fuel consumption and heat release
are reasonably well-correlated (there is a clear simi-
larity between the two fields), but for Ka = 36, the
regions with high positive curvature present relatively
low levels of heat release, despite high levels of fuel
consumption. An example of this is highlighted in the
detail panels of a 0.26 cm square shown in magenta.
Note that adjacent to the regions of high positive cur-
vature, there are regions of relatively intense heat re-
lease with low levels of fuel consumption. These ob-
servations suggest a potential disruption of the flame
chemistry.
The decorrelation is confirmed in the joint proba-
bility density function (JPDF) for fuel consumption
rate and heat release, shown in figure 2 for Ka = 1
and 36. The peak fuel consumption rate has approx-
imately doubled (note the increased range on the ab-
scissa), but the peak heat release has increased by a
factor of four (as seen on the ordinate), and this in-
tense heat release coincides with relatively low levels
of fuel consumption.
To examine this observation in more detail, sepa-
rate JPDFs of fuel consumption rate and heat release
rate are plotted in figures 3(a,d) and 3(b,e), respec-
tively, where temperature has been used as a loose
measure of progress through the flame. Note there
is a small amount of high intensity heat release occur-
ring at low temperature (T < 900 K) in the Ka = 36
case, but there does not appear to be a corresponding
response in the fuel consumption rate.
By taking the first moment with respect to heat re-
lease (the first moment with respect to x1 is defined
as x1P (x1, x2), where P (x1, x2) is the JPDF of x1
and x2), the amount of heat released can be com-
pared directly, figure 3(c,f); these plots are on the
same scale so that the same colour corresponds to the
same amount of heat release. It is clear that there is
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Fig. 2: JPDFs of heat release and fuel consumption for
Ka = 1 and 36. The red line denotes the mean path through
the freely-propagating flame, plotted as a parametric func-
tion of temperature. There is a clear enhancement of fuel
consumption and heat release with increasing Ka. In both,
we observe regions where high levels of heat release corre-
spond to low levels of fuel consumption.
significantly more heat being released at the higher
Karlovitz number, and that the heat release extends
to much lower temperatures than in the low Karlovitz
case, although the intense heat release observed at low
temperatures does not contribute significantly to the
overall heat release.
3.3. Chemistry
To investigate which reactions are responsible for
the decorrelation between fuel consumption rate and
heat release, we first present, in figure 4, slices of the
local heat release rate for six reactions that contribute
the most to the overall heat release. For reference, ta-
ble 2 presents the 19 fundamental reactions from the
Li et al. mechanism [12]. We note that all slices in
figure 4 are plotted on the same scale and that there is
non-trivial positive heat release from reactions 7, 10,
12, 14 and 16, which are not shown. At Ka = 1,
all of the reactions appear to be correlated; the peak
reaction rate occurs in regions of positive curvature,
and all reactions can be seen to be greatly reduced
in the regions between the cellular burning structures.
At Ka = 36, it is interesting to note that, locally, the
enhancement of heat release is a small factor (approx-
imately 2), but it is the enhanced volume of burning
due to turbulence that is responsible for the enhance-
ment to the overall heat release. Naturally, it can be
seen that the heat release from reaction 3 is visually
similar to the fuel consumption rate in figure 1; this
is the main reaction for the breakdown of molecular
hydrogen. By contrast, reactions 9, 11 and 13 show
intense heat release in regions of negative curvature,
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Fig. 3: (a,d) JPDF of fuel consumption and temperature. Note the general similarity in distribution, but a doubling in peak
amplitude. (b,e) JPDF of heat release and temperature. Note the greatly enhanced heat release at low temperatures for high Ka.
(c,f) JPDF of heat release and temperature where the first moment has been taken with respect to heat release; these are plotted
on the same scale such that the colour corresponds to comparable of heat release rates. (a-c) Ka = 1. (d-f) Ka = 36. In all
cases, the red line denotes the mean of the freely-propagating flame, and the black lines denote one standard deviation around
the mean.
Fig. 4: Slices of individual heats of reactions for the most energetic reactions (left-to-right: reactions 1, 3, 8, 9, 11 and 13) at
Ka = 1 (top row) and Ka = 36 (middle row) with detail from the highlighted region in figure 1 for Ka = 36 (bottom row),
exothermic and endothermic reactions in red and blue, respectively. The natural correlation between reaction 3 and the fuel
consumption rate (figure 1) is evident. At high Ka, note the correlation between the heat release from reactions 9, 11 and 13
with the total heat release in figure 1.
# Reaction
1 H+O2=O+OH
2 O+H2=H+OH
3 H2+OH=H2O+H
4 O+H2O=OH+OH
5 H2+M=H+H+M
6 O+O+M=O2+M
7 O+H+M=OH+M
8 H+OH+M=H2O+M
9 H+O2(+M)=HO2(+M)
10 HO2+H=H2+O2
11 HO2+H=OH+OH
12 HO2+O=O2+OH
13 HO2+OH=H2O+O2
14 HO2+HO2=H2O2+O2
15 HO2+HO2=H2O2+O2
16 H2O2(+M)=OH+OH+(M)
17 H2O2+H=H2O+OH
18 H2O2+H=HO2+H2
19 H2O2+O=OH+HO2
20 H2O2+OH=HO2+H2O
21 H2O2+OH=HO2+H2O
Table 2: The reactions of the Li et al. mechanism [12].
and would appear to correlate visually with the heat
release from figure 1; these reactions do not involve
molecular hydrogen and so do not contribute directly
to the fuel consumption.
To examine the heat release rate in more detail,
we consider the contribution by individual reactions
to the total rate of heat release as a function of tem-
perature, shown in figure 5(a). To normalise the ef-
fect of the enhanced volume of burning at Ka = 36,
the curves have been scaled by the peak heat release
rate from reaction 3 at the respective Karlovitz num-
ber. This normalisation represents rate of heat release
via each reaction for each mole of fuel that is con-
sumed (up to a multiplicative factor). Note that the
peak heat release from reaction 3 for Ka = 36 is
approximately 5.7 times greater than for Ka = 1,
i.e. without normalising in this manner, the curves for
Ka = 36 would be 5.7 times bigger than Ka = 1. It
is interesting to note that reactions 1 and 3, the main
reactions responsible for the breakdown of molecu-
lar oxygen and hydrogen, respectively, are similar
at both Karlovitz numbers. Reaction 8 appears to
be relatively enhanced at high temperatures (around
1400 K). Reaction 9, in particular, appears to be en-
hanced at low temperatures (below 900 K), which also
seems to be the case for reactions 11 and 13, but to a
lesser extent.
For a more direct comparison, the difference in
heat release rates between the high and low Karlovitz
cases is plotted in figure 5(b). This diagnostic pro-
vides a measure of the relative enhancement of heat
release due to individual reactions at Ka = 36 com-
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Fig. 5: (a) Heat release rate by individual reaction versus
temperature, normalised by the peak heat release rate of
reaction 3 for the respective Ka. Solid and dashed lines rep-
resent Ka = 36 and 1, respectively. The colours represent
different reactions: (blue:R01) H+O2=O+OH; (red:R03)
H2+OH=H2O+H; (magenta:R08) H+OH+M=H2O+M;
(cyan:R09) H+O2(+M)=HO2(+M); (green:R11)
HO2+H=OH+OH; (black:R13) HO2+OH=H2O+O2;
(yellow) sum of the remaining reactions. (b) The difference
in relative heat release from each reaction between the high
and low turbulence cases. Colours as in (a). Note that
reactions 9, 11 and 13 are enhanced at low temperatures.
(c) Total difference in relative heat release as a function of
temperature.
pared with Ka = 1. The enhancement of the heat re-
lease rate due to reaction 8 around the adiabatic flame
temperature is more pronounced here, and there is a
clear enhancement of reactions 3, 8, 9, and 13 also
around the same temperature. The relative enhance-
ment of heat release at low temperatures due to re-
actions 9, 11 and 13 is also more pronounced here.
There also appears to be a relative reduction in heat
release at temperatures slightly above and below the
adiabatic flame temperature, which is what would be
expected from higher heat release in a narrow temper-
ature range around the adiabatic flame temperature.
We compute the total heat release rate by summing
together the rates due to all reactions. The enhance-
ment of total heat released is plotted in figure 5(c).
The overall effect of the changes in reactions is to in-
crease the heat release rate at lower temperatures (due
primarily to reactions 9, 11 and 13), and to increase
the rate near the adiabatic flame temperature (due pri-
marily to reactions 8, 3, 9 and 13). We also observe
a decreased relative heat release rate at temperatures
slightly above and below the adiabatic flame temper-
ature. Assuming that the negative-positive-negative
profile observed around the adiabatic flame tempera-
ture is due to a narrower band of more intense heat
release at Ka = 36, we can consider the relative
change in heat release rates at low and high tempera-
tures defined by the crossover point at 992K. Integrat-
ing the change in heat release above and below this
crossover results in an relative enhancement of heat
release in both cases, but the enhancement is approxi-
mately seven times greater at low temperature than at
high temperature.
To explore the reason for this observed chemical
response, JPDFs of molar concentration and temper-
ature are presented in figure 6 for four of the radicals
at Ka = 1 and Ka = 36; note that the first moment
has been taken with respect to molar concentration so
that the colour denotes the actual molar concentration
rather than just the probability. For all radicals, the
higher turbulence case has higher peak molar concen-
trations. However, for radicals H and O in particular,
there is significantly higher volume of radicals at tem-
peratures in excess of the adiabatic flame temperature
at the lower turbulence level; the low Ka flame forms
cellular structures (larger than in the high Ka case), in
which temperatures are higher and have greater molar
concentrations of radicals. Importantly, at low tem-
peratures there is an enhanced radical pool in the high
Ka case; the distributions are both broader and greater
in magnitude than the low Ka case.
The enhanced radical pool is quantified more
clearly in figure 7, where the ratio of mean molar con-
centration is plotted as a function temperature; this
has been calculated by finding the mean molar con-
centration as a function of temperature C¯Ka(T ) and
evaluating the ratio C¯36/C¯1. Taking the mean of the
molar concentration at each temperature accounts for
the enhanced volume of burning in the high Ka case;
however, without more careful conditioning, the rel-
atively large volume of pure fuel and pure product
400 600 800 1000 12000
2
4
6
8
10
Temperature (K)
R
at
io
 o
f m
ea
n 
m
ol
ar
 c
on
ce
nt
ra
tio
n
 
 
H
O
OH
HO2
H2O2
Fig. 7: Ratio of mean molar concentration C¯36/C¯1, plotted
against temperature. The range is 350K to 1350K as the
volume of pure fuel and pure product distorts the mean. Note
there is an enhancement of the radical pool across the entire
temperature range plotted, with a factor of 3 observed for H,
and 2 for O and OH.
dominates this ratio at the inflow and adiabatic flame
temperatures. Hence we present the enhancement ra-
tio only over the range 350K to 1350K. It is clear
that the mean molar concentration of all five radicals
is greater in the high Ka case across the entire tem-
perature range, but especially for H, which is about
three times higher, and for O and OH, which are about
twice as high.
4. Discussion and Conclusions
We have presented high-resolution direct numeri-
cal simulations of lean premixed hydrogen flames at
an equivalence ratio of ϕ = 0.4 over a range of tur-
bulence levels ranging from Ka = 1 to Ka = 36. At
low Ka, large cellular structures expected from low
Lewis number flames were observed, along with tem-
peratures far exceeding the adiabatic flame tempera-
ture, interspersed by local (near) extinction events. As
the Karlovitz number was increased, these large struc-
tures became much less apparent, with a broad distri-
bution of smaller-scale structures that burned more in-
tensely, with a thinner flame, and the local extinction
events were much less apparent.
A striking observation was a decorrelation between
fuel consumption and heat release at high Ka; fuel
was consumed primarily in regions of high positive
curvature but the heat release occurred in regions of
negative curvature adjacent to the regions of fuel con-
sumption.
An analysis of heat released by individual reactions
confirmed that the high Ka flame burned more in-
tensely than the low Ka flame. Furthermore, low-
probability high-intensity burning was identified at
low temperatures in the high Ka case, which was at-
tributed to enhancement of reactions 9, 11 and 13 at
temperatures below about 800 K. While the observed
local changes are clear in the diagnostics, the global
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Fig. 6: JPDF of molar concentration and temperature where the first moment has been taken with respect to molar concentration.
Note in particular the higher molar concentration at lower temperatures in the high Ka case.
effect on the flame remains quite small; for exam-
ple, at Ka = 1, the heat release that takes place be-
low 800 K is approximately 11% of the total, and in-
creases to 15% at Ka = 36.
While an examination of the detailed transport
mechanisms responsible for the observed turbulence-
chemistry interaction is beyond the scope of the
present paper, we present a speculative interpreta-
tion of the process. Turbulence folds the flame into
smaller structures, where the relative high mobility
of molecular hydrogen leads to enhanced fuel con-
sumption in regions of positive curvature, and greatly
enhances the radical pool at temperatures around the
adiabatic flame temperature. These radicals are then
transported, either by molecular diffusion or by turbu-
lent mixing, both to lower and to slightly higher tem-
peratures. Above the adiabatic flame temperature, an
enhancement in reaction 8 was observed, leading to
greater heat release. Since turbulence inhibits the for-
mation of large-scale celluar structures, this enhanced
heat release around the adiabatic flame temperature
is restricted to a narrower temperature range than at
low Ka. The increased availability of radicals at low
temperatures, especially H, but also O, OH, and HO2,
was found to increase reactions 9, 11 and 13, which
all produced sufficiently significant increase in heat
release in regions away from positive flame curvature
to result in a decorrelation of fuel consumption and
overall heat release.
Since the effects observed here are likely to be
driven (at least in part) by molecular diffusion, the
omission of Soret and Dufour effects in the model
will be relevant. A recent study [13] underscores the
role of these terms on the quantitative flame propa-
gation characteristics in a freely-propagating (no tur-
bulence) two-dimensional setting. However, it was
also shown that the simpler mixture-averaged trans-
port formulation retained much of the qualitative be-
haviour of these flames, and there is no reason to sug-
gest that the same is not true in the present setting.
Moving to a full multicomponent transport model is a
current and interesting area of future investigation, al-
though we note that increased computational cost may
render such a study infeasible in the present context.
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